INTRODUCTION
============

In the Brazilian Atlantic Rainforest, the slow growing fern, *Dicksonia sellowiana* , is in danger of extinction because its trunk is widely used as a commercial fertilizer and as a substrate for the cultivation of ornamental plants, such as orchids ([@b17], [@b38]). Attempts to produce *D. sellowiana* plants in greenhouses and then reintroduce them into the Atlantic Rainforest in the state of São Paulo, Brazil, were performed for more than twenty-five years and involved several members of the local community and researchers from the University of Mogi das Cruzes (UMC). In some instances, reintroduction of the plants was successful, but in others, the plants did not grow efficiently in greenhouses or were not successfully reintroduced into their natural environments. One possible explanation for this failure could be the imbalance of endophytic microbiota due to the artificial environmental cultivation conditions.

Endophytes are microorganisms, mainly fungi and bacteria, which live inside plant tissues without causing disease symptoms ([@b6], [@b28]). Endophytes are a largely unexplored component of biodiversity, especially in the tropics. Endophytic bacteria possess an ecological niche similar to plant pathogens in that they are sometimes transmitted through seeds ([@b13]), which allows them to be used as candidates for biocontrol agents. In order to use endophytes as biocontrol agents, we must first access the microbial richness and try to understand how different environmental conditions are responsible for microbial diversity ([@b2]).

Although endophytic fungi have been isolated from fern plants ([@b11], [@b12], [@b15]), the presence of bacteria inside of ferns has not yet been studied. Therefore, the aim of this work was to study the endophytic bacterial community in *D. sellowiana* plants. The diversity between the bacterial microbiota from plants produced under different growth regimes and the importance of bacterial communities for the successful transfer of plants from greenhouses to the field were evaluated. In addition, the production of antimicrobial substances, which may be important for preventing plant diseases in greenhouses and in the field, was studied.

MATERIAL AND METHODS
====================

Plant material
--------------

Endophytic bacteria were isolated from the rachis and pinnae of healthy *D. sellowiana* plants produced under three different growth regimes: 1) ten year old greenhouse plants; 2) eight-year-old native field plants; and 3) plants that were initially grown in greenhouses and then reintroduced into the forest about ten years ago. Samplings were collected from the same plants in March and September of 2001 and January of 2004. Three plants were sampled from each growth regime, and 20 rachis and 20 pinnae fragments were collected from each plant during each collection period. A total of 1080 plant segments (540 pinnae and 540 rachis) were analyzed. Plants were located in greenhouses in the Mogi das Cruzes, São Paulo, Brazil and in a fragment of a Brazilian Atlantic Rainforest situated between 23^o^ 35' 13''S and 46^o^ 11' 39''W.

Surface disinfection and isolation of endophytic bacteria
---------------------------------------------------------

Immediately after collection, rachis and pinnae were washed in running tap water. Surface disinfection was accomplished by performing a stepwise washing procedure: 1) 70% ethanol for 30 s, 2) sodium hypochlorite solution (3% v/v available chlorine) for 3 min, 70% ethanol for 30 s followed by three rinses in sterile distilled water. To confirm that the plant surfaces were effectively decontaminated, 100 μl aliquots of the sterile distilled water that was used in the final rinse were plated onto Tryptic Soy Agar (TSA, Difco: Tryptone 1.5%, soytone 0.5%, glucose 0.25%, NaCl 0.5% and agar l.5%, pH 7.3) and bacterial growth was observed daily from three to eight days after incubation at 28^o^C. Only rachis and pinnae that were successfully decontaminated were considered for further experiments.

For isolation of bacterial communities, fern pinnae and rachis were cut into 4 x 4 mm pieces and placed onto TSA plates containing benomyl (40 μg.ml^-1^), which inhibits fungal growth, and then incubated at 28^o^C for up to 8 days to allow the growth of endophytic bacteria and determine the number of colonized segments. The endophytic incidence (EI), which is expressed as a percentage, was determined for the pinnae and rachis using the same method described by Araujo et al. ([@b5]). The EI was calculated using the following formula: EI = (N1/N2) x 100, where N1 is the number of colonized segments, and N2 is the total number of segments that were analyzed. This isolation procedure was used instead of the colony forming unit isolation process (plating a suspension of homogenized segments in saline) because we previously found that bacterial densities were low in the homogenized segments. In addition, the segment plating process allowed the isolation of the most common and rapid growing bacteria, which are potentially the most important bacteria for the establishment of plants that were transferred from the greenhouse to the field.

Purification and bacterial identification
-----------------------------------------

Following the incubation of the TSA plates, all of the bacteria from the plated plant segments were isolated, purified three times by single colony isolation and grouped on the basis of phenotypic characteristics (e.g. colony morphology, colony color, cell shape, motility, spore formation, growth rate and Gram reaction). From these groups, 158 isolates were randomly selected for further characterizations by biochemical analyses ([@b19]). Seventy isolates were identified by the fatty acid methyl ester (FAME) technique using whole-cell fatty acids derivatized to methyl esters, which were analyzed by gas chromatography using the MIDI system (Microbial Identification System, Inc., Delaware, USA). Isolates that were not identified by FAME analysis were identified by 16S rRNA gene sequencing.

Analysis of endophytic bacteria by 16S rRNA gene sequencing
-----------------------------------------------------------

Bacterial DNA was extracted according to the method of Araújo et al. ([@b4]). A 50 μL reaction contained contained 1 µl (0.5 -- 10.0 ng) of total DNA, 0.2 µM of the P027F primer (5´-GAGAGTTTGATCCTGGCTCAG-3´), 0.2 µM of the 1378R primer (5´-CGGTGTGTACAAGGCCCGGGAACG-3´), 200 µM of each dNTP, 3.75 mM MgCl~2~ and 0.05 U of Taq DNA polymerase (Invitrogen, Brazil) in 20 mM Tris-HCl (pH 8.4) with 50 mM KCl, was used for amplification of 16S rRNA gene. PCR reactions without DNA were included as negative controls in all of the experiments. The reaction conditions were as follows: an initial denaturation of 94^o^C for 4 min; 25 cycles of denaturation, primer annealing and primer extension at 94^o^C for 30 s, 63^o^C for 1 min and 72^o^C for 1 min, respectively; and a final extension at 72^o^C for 7 min. The PCR products were evaluated in a 1.2% (w/v) agarose gel stained with ethidium bromide ([@b32]).

For bacterial identification, the PCR products were purified using the GFX PCR DNA and gel band purification kit (Amersham Biosciences) and sequenced using the 1378R primer and the Big Dye Terminator System (Applied Biosystems). A comparison of the purified PCR product sequences to the public sequence database (National Center for Biotechnology Information website (<http://www.ncbi.nlm.nih.gov>) was performed with the basic sequence alignment program BLAST. The determined sequences were aligned, the handling was edited, and the distance matrices ([@b22]) and phylogenetic trees ([@b31]) were calculated based on neighbor-joining algorithms using the MEGA software. The nucleotide sequences obtained in this study have been submitted to GenBank and were assigned the accession numbers of DQ864625-DQ864641 and DQ874622-DQ874625.

Antimicrobial activity
----------------------

The antimicrobial activity of the endophytes was evaluated using two rod-shaped Gram-negative bacteria ( *Escherichia coli* and the plant pathogen, *Xanthomonas campestris* ) *,* two Gram-positive cocci ( *Staphylococcus aureus* and *Micrococcus luteus* ) and a Gram-positive, rod-shaped bacterium ( *Bacillus subtilis* ). All of these bacteria were obtained from the culture collection at the Departamento de Antibióticos, Universidade Federal de Pernambuco, Brazil. Endophytic bacteria were inoculated onto TSA plates and incubated at 28°C for two days to allow the diffusion of any possible antimicrobial products ([@b7]). After the incubation, chloroform was added to the lid of inverted closed plates, and after approximately 30 min, the lids were opened to allow the evaporation of the chloroform. A thin layer of TSA semi-solid medium (0.7% agar) containing each potential antimicrobial-sensitive bacterium was added to the plates. After an incubation period of at least 48 hours at 28°C, antagonistic activity of the endophytes was determined by measuring the sizes of the inhibition zones around the chloroform-treated colonies.

Statistical analysis
--------------------

Analyses of the data were performed with the SAS software package ([@b33]). The differences in total isolation frequencies among various plants were tested by the Tukey test at 5% significance.

RESULTS
=======

Determination of culturable endophytic bacteria in *D. sellowiana* rachis and pinnae
------------------------------------------------------------------------------------

Endophytic bacteria were isolated from the rachis and pinnae of all of the analyzed plants. In three different sampling periods, the endophytic incidence (EI), ranged from 22.2% (40 colonized segments from native field plants) to 82.8% (149 colonized segments from the rachis of the greenhouse plants). From 540 pinnae segments and 540 rachis segments, 163 (30.2%) and 346 segments (64.1%) were colonized by bacteria, respectively ([Table 1](#tbl1){ref-type="table"}). No significant differences were found between the three different collection periods that were performed during different months (data not shown). The number of segments that were colonized varied with the different growth regimes of the plants. Plant segment colonization decreased in the following order: greenhouse\>reintroduced\>native field plants. In all cases, rachis segments were colonized more frequently by endophytes than pinnae segments ([Table 1](#tbl1){ref-type="table"}). This result suggests that the growth of *D. sellowiana* in greenhouses may alter the bacterial endophytic communities, and this effect may persist for several years after the field reintroduction of greenhouse-cultivated plants.

###### 

The number of plant fragments colonized with bacteria and the isolation frequencies (IFs), which are expressed as percentages from the rachis and pinnae and the total isolation frequency (TIF): *Dicksonia sellowiana* plants grown in different conditions.

  Plants[^§^](#tf1-1){ref-type="table-fn"}   Number of fragment infected (EI %)[^†^](#tf1-2){ref-type="table-fn"}                 
  ------------------------------------------ ---------------------------------------------------------------------- ------------- ------------
  G                                          149 (82.8) a                                                           82 (45.5) a   231 (64.2)
  N                                          60 (33.3) b                                                            40 (22.2) b   100 (27.7)
  R                                          137 (76.1) a                                                           41 (22.8) b   178 (49.4)
  Total                                      346 (64.1)                                                             163 (30.2)    509 (47.1)

G: greenhouse plants; N: field native plants; R: field reintroduced plants.

Means in column with the same letter are not significantly different at P \< 5% of Tukey test.

A total of 158 endophytic isolates, which represented distinct groups based on the phenotypic characteristics mentioned in the material and methods, were chosen in proportion to the total number of representatives within each group. These isolates were further characterized with biochemical tests normally used in bacterial classifications ([@b19]). From the 158 isolates analyzed, 108 (68.4%) were Gram-positive. Eighty of the 108 Gram-positive bacteria (74.7%) were rods ( *Amphibacillus* sp., *Bacillus* spp., *Gracilibacillus* sp. and *Paenibacillus* sp.), 22 (19.8%) were cocci (mainly *Micrococcus* sp.) and 6 (5.5%) were actinomycetes. From the 50 Gram-negative isolates, 31.6% belonged to the *Stenotrophomonas* genus. A total of 70 isolates, which represented the entire community, were selected for further analyses. There were no major qualitative differences between the main groups of endophytic bacterial isolates in the evaluated fern plants ([Table 2](#tbl2){ref-type="table"}).

###### 

The relative population and distribution of the fern endophytic bacterial species in the evaluated *Dicksonia sellowiana* plants.

  Species                          Host plant   Relative population (%)        
  -------------------------------- ------------ ------------------------- ---- -----------
  *Amphibacillus sp.*              1            2                         1    5.7
  *Bacillus megaterium*            3            2                         0    7.2
  *B. pumilus*                     11           7                         5    32.9
  *B. subtilis*                    5            3                         0    11.4
  *B. thuringiensis*               3            1                         0    5.7
  *Gracilibacillus sp.*            1            0                         0    1.4
  *Micrococcus sp.*                2            3                         2    10.0
  *Paenibacillus sp.*              2            1                         2    7.2
  *Stenotrophomonas maltophilia*   4            3                         1    11.4
  *S. nitrireducens*               2            1                         2    7.1
  Number of isolates               34           23                        13   70 (100%)

Phylogenetic analysis of endophytic bacteria by 16S rRNA gene sequence
----------------------------------------------------------------------

Partial sequences of 16S rRNA gene were aligned, and the phylogenetic relationships among bacterial endophytic isolates were evaluated using a neighbor-joining algorithm ([Figs. 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). Interestingly, *B. pumilus* separated into two groups: group A2, which is composed of isolates obtained only from reintroduced plants, and group A1, which is composed of isolates from all of the plant categories. In addition, an unidentified *Bacillus* (isolate EV17) was observed from native plants ([Fig. 1](#fig1){ref-type="fig"}).

![Phylogenetic relationships of *Bacillus* isolates that are based on partial 16S rRNA gene sequences obtained from the fern endophytic bacteria and closely related sequences that are based on a distance analysis (neighbor-joining algorithm with Jukes-Cantor model; 1,000 bootstrap replicates performed). R = isolates from reintroduced plants; F = isolates from native plants; G = isolates from greenhouse plants.](bjm-41-956-g001){#fig1}

![Phylogenetic relationships of *Stenotrophomonas* isolates that are based on partial 16S rRNA gene sequences obtained from the fern endophytic bacteria and closely related sequences that are based on a distance analysis (neighbor-joining algorithm with Jukes-Cantor model; 1,000 bootstrap replicates performed). R = isolates from reintroduced plants; F = isolates from native plants; G = isolates from greenhouse plants.](bjm-41-956-g002){#fig2}

The endophytic isolates identified as *Stenotrophomonas* were also evaluated by 16S rRNA gene sequencing ([Fig. 2](#fig2){ref-type="fig"}). No correlation was observed between bacterial isolates of different growth regimes, plant tissues or sequences. The highest bacterial diversity was observed within the reintroduced and greenhouse plants since 10 and 9 different bacterial species were isolated from these plants, respectively, while only 6 species were isolated from native field plants ([Table 2](#tbl2){ref-type="table"}).

Endophytic antimicrobial activity
---------------------------------

The antimicrobial activity of 70 endophytic isolates was evaluated against 5 different bacteria. The results ([Table 3](#tbl3){ref-type="table"}) showed that several endophytic isolates inhibited the growth of various bacteria. In some cases, *Bacillus* endophytes were able to inhibit the growth of a species from the same genus, *B. subtilis* . Similar results were observed for endophytic *Micrococcus* isolates, which inhibited the growth of *M. luteus.* These results may be due the production of bacteriocins, which are able to inhibit the growth of other closely related bacteria ([@b20], [@b29])

###### 

Antimicrobial activity of the endophytic bacteria isolated from Dicksonia sellowiana against various bacterial species.

  Species                    Isolates       Antagonistic activity against [\*\*](#tf3-2){ref-type="table-fn"}                          
  -------------------------- -------------- ------------------------------------------------------------------- ------- ------ ------- -----
  *Bacillus thuringiensis*   R10            ++[\*](#tf3-1){ref-type="table-fn"}                                 \+      ++     \+      --
  *Bacillus megaterium*      R47;R20        --                                                                  --      --     --      \+
                             G30            \+                                                                  --      ++     +++     \+
  *Bacillus pumilus*         F17; G46       ++                                                                  \+      \+     \+      --
                             R1             ++                                                                  \+      --     \+      \+
                             G14;F4;R3      --                                                                  \+      --     --      \+
                             R1/R101        --                                                                  +/++    \+     +/+++   \+
                             F8/R12         +++/+                                                               ++/+    ++/+   +++     \+
                             R23/G11        --                                                                  --      \+     +/++    -/+
                             G5             --                                                                  \+      --     --      --
  *Bacillus subtilis*        G1;R02         \+                                                                  \+      --     \+      \+
                             R11            \+                                                                  \+      \+     \+      --
                             G11;R24;R7     --                                                                  \+      --     --      \+
                             R8             \+                                                                  +++     --     +++     --
  *Amphibacillus*            G17            --                                                                  --      --     \+      --
  *Micrococcus*              R15            --                                                                  ++      --     ++      \+
  *Stenotrophomonas*         G3; F25; F32   --                                                                  \+      \+     --      --
                             R7/R41         --                                                                  +/+++   +/++   +/++    --

\- = no inhibition; += inhibition haloes 0.1--0.5 cm; ++= inhibition haloes 0.6--1.0 cm; +++= inhibition haloes \> 1.0 cm

Eco = *Escherichia coli;* Mlu = *Micrococcus luteus* ; Sau = *Staphylococcus aureus* ; Bsu = *Bacillus subtilis* ; Xca = *Xanthomonas campestris* .

DISCUSSION
==========

In this study, more bacterial endophytes were obtained from isolated *D. sellowiana* rachis segments than from pinnae segments ([Table 1](#tbl1){ref-type="table"}). Because this appears to be the first study regarding the bacterial endophytic communities within ferns, no comparisons to other endophytic communities in *D. sellowiana* or other ferns can be made. The results of this study are not surprising considering the distribution of endophytic bacteria within plants is heterogeneous ([@b30], [@b1]), as endophytes are found more frequently in the root and stems than in the leaves ([@b14], [@b23]). Our results regarding the incidence of bacterial endophytes in *D. sellowiana* plants from different growth regimes were especially interesting ([Table 2](#tbl2){ref-type="table"}). The endophyte incidence is higher in plants cultivated in greenhouses or in plants that were transferred from greenhouses into the field when compared to native field plants. Plants growing in a non-native environment, such as a greenhouse, most likely require a higher incidence of endophytes. The endophytic incidence was not affected when greenhouse cultivated plants were reintroduced into the field and continued to remain higher than the incidence found in native field plants. Since *D. sellowiana* plants reach maturity after 50 to 60 years (17, 38), it will be interesting to follow the bacterial endophytic incidence within plants of different ages and during distinct times of reintroduction into the forest to determine if any shifts occur in the bacterial endophytic communities.

Most of the endophytic bacteria isolated from *D. sellowiana* ([Table 2](#tbl2){ref-type="table"}) were already reported as endophytes in other plants. *Bacillus sp.* were the most frequently isolated bacteria and are commonly found in many other plants including cotton (25), corn ([@b14]), oak ([@b9]), cucumber ([@b24]), citrus ([@b5]), *Eucalyptus* spp. seeds ([@b13]) and clover ([@b37]). Similarly, *Micrococcus* is an endophyte found in wheat ([@b16]) and potato ([@b10]) plants. From the Gram-negative endophytic species, *Stenotrophomonas maltophilia* (Sin.: *Pseudomonasmaltophilia* ) and *S. nitroreducens* occurred the most frequently. This genus has also been found in several other plants including the sugar beet ([@b21]), citrus ([@b4]) and cotton ([@b25]) plants. This study defines the first characterization of the endophytic nature of *Amphibacillus* and *Gracilibacillus.* Interestingly, we did not find commonly reported endophytic genera, such as *Curtobacterium, Pantoea* and *Methylobacterium* ([@b14], [@b8], [@b39], [@b4]), in *D. sellowiana* . This result may reflect the existence of a specific bacterial endophytic community in *D. sellowiana,* or it may also reflect the limitations of the plant segment isolation method used in this work. The isolation method used in this study potentially favors fast growing bacterial species over slow growing and less competitive bacterial species, which may explain the dominance of Gram-positive bacteria that were isolated.

As shown in [Fig. 1](#fig1){ref-type="fig"}, *B. pumilus* separated into two groups, one of which was formed by isolates derived only from reintroduced plants. In addition, a non-identified *Bacillus* isolate was found only in native field plants. These results suggest that some bacterial genotypes may be specific for plants from a determined growth regime. This suggestion seems to be the case with three *Bacillus* species ( *B. cereus* , *B. megaterium* and *B. subtilis* ) that were found only in greenhouse and field reintroduced plants. *B. cereus* is known as pathogen of some insects ([@b18]), and it may be speculated that this species increases the resistance of the plants to insect pests when a shift occurs in the environment of the plant. The *Stenotrophomonas* isolates evaluated by 16S rRNA gene ([Fig. 2](#fig2){ref-type="fig"}) showed no correlations between different growth regimes and plant tissues. The highest diversity was observed in reintroduced and greenhouse plants, which was demonstrated by the fact that 10 and 9 species were isolated from these plants, respectively, while only 6 species were detected from native field plants. Recent studies have shown that the bacterial diversity may change as a result of different factors including microbial diversity ([@b4], [@b5]) and plant genotypes ([@b3]).

Similar to the microorganisms within other plants, microorganisms living inside *D. sellowiana* may act as symbionts. Some of the bacteria found inside of *D. sellowiana* , such as *B. cereus* , are known to act as biocontrol agents against insects. In addition, some of the endophytic bacteria that were isolated may act as growth promoters that produce phytohormones or fix nitrogen, such as bacteria from the genus *Paenibacillus* . *Bacillus* spp. have been shown to have positive effects on the growth of *Chrysantemum* sp. and also to restrict the development of pathogens ([@b27]).

As all *D. sellowiana* endophytic bacteria were isolated from healthy tissues, the isolates from this study were either non-pathogenic or were maintained inside the plants without causing disease.

In this study, some bacteria that are known to cause human diseases were inhibited by endophytes that were isolated from *D. sellowiana.* The isolation of endophytic microorganisms from *D. sellowiana* and other plants may be a useful way to explore new products of biotechnological importance ([@b34], [@b36]). The only plant pathogen employed in the tests, *Xanthomonas campestris* , was inhibited by endophytic isolates in some cases, indicating the endophytes may be useful for the control of plant pathogens. Tropical rainforests are remarkable examples of ecosystems where biological diversity can lead to chemical diversity due to constant and active chemical innovation, suggesting that endophytes within these forests and tropical plants could be a source of novel molecular structures and biologically active compounds ([@b35]).

The delivery of symbiotic endophytic bacteria into *D. sellowiana* could possibly enhance the growth efficiency of the plant in greenhouses and in the field. Several ways to deliver endophytic bacteria into plants exist. Musson et al. ([@b26]) evaluated the effectiveness of these methods by introducing endophytic bacteria into cotton. Some of these methods were highly efficient in delivering bacteria that exhibited biological control against plant pathogens. Endophytic bacteria that were isolated in the present study could possibly be introduced into *D. sellowiana* in future studie *s* to improve plant growth and survival. The introduction of endophytic bacteria into *D. sellowiana* may augment techniques used to grow the plant in greenhouses and natural environments, facilitating the conservation of this endangered plant species ([@b38]).

The present work described the diversity of the endophytic bacterial community associated with *D. sellowiana,* an endangered fern plant from the Brazilian Atlantic Rainforest, and highlighted the effect of greenhouse growth prior to forest reintroduction on this endophytic community. Based on the results presented in this study, future research is necessary to analyze the role these endophytic bacteria play in plant growth and to evaluate the possibility of increasing the adaptability and fitness of this plant after reintroduction into the forest.
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